In this work, T2 red copper and high nitrogen austenitic stainless steel (HNASS) were explosively welded for the first time. The welding window was theoretically developed, and the experiment was designed by considering the effect of explosive loading on welding quality. To evaluate the welding quality, the microstructure and mechanical properties of the composite material were systematically investigated. The results showed that the welding quality was in good agreement with the results predicted by the welding window. The micromorphology of the welding interface changed with a varied welding parameter, and no intermetallic compounds were found at the welding interface by EDS analysis. The microhardness of the two raw materials both increased near the welding interface, and the enhancement increased with the explosive loading. The failure pattern of the welding interface in the tension-shear experiments was dominated by the strength failure of the red copper.
Introduction
Copper/steel composite has not only the advantages of corrosion-resistance and the high toughness of copper, but also good welding capacity, formability, elongation and the thermal conductivity of steel. Therefore, copper/steel composite has received widespread attention and been used for cooling staves in the blast furnace [1] .
Compared with ordinary stainless steel, high nitrogen austenite stainless steel (HNASS) containing more than 0.4% nitrogen shows excellent performances such as higher strength, wear resistance, corrosion resistance toughness, and plasticity [2] . HNASSCopper/high nitrogen steel composites will have better mechanical properties.
At present, welding technologies such as ultrasonic welding, diffusion welding, laser welding, friction welding and explosion welding are applied to prepare dissimilar metal composites. Compared with other welding methods, explosive welding is a better choice for manufacturing composites with large areas.
Explosive welding is a one of the solid method which forms metallurgical bonding between metals by using the energy released by an explosive. It is not only an important method for connecting the metal parts, but also a basic synthetic technology of metal materials. A variety of metallic composite plates have been manufactured by the explosive welding method. Lazurenko et al. [3] discussed the explosive welding window of the AISI 304 stainless steel/6082-T6 aluminum alloy composite and proved that the position of materials influenced the weldability. Zhang et al. [1] successfully obtained copper-steel composite by explosive welding and investigated the microstructure and mechanical microstructure and mechanical properties of the copper-steel composite. The interface presented a periodic wavy pattern, and a transition layer could be found after heat treatment. Bina et al. [4] studied the effect of the heat treatment time on the bonding interface and the mechanical properties of copper-stainless steel composite produced by explosive welding. Miao et al. [5] obtained two composite plates simultaneously through one explosion. Athar and Tolaminejad [6] calculated the weldability window of aluminum-copper and studied the influence of welding parameters on the interface morphology and the mechanical properties of Al/Cu/Al composites. The interface morphology and the mechanical properties were different under different conditions of explosive welding. Mousavi and Sartangi [7] calculated the weldability domain for explosive welding of cp-titanium to AISI 304 stainless steel and investigated the effect of different welding parameters on microstructure of interfaces. Durgutlu et al. [8] demonstrated that the stand-off distance influenced the microstructure and the hardness of the interface.
Generally, the Vickers hardness of ordinary stainless steel is about 200HV, and the tensile strength is about 520 MPa. The Vickers hardness and tensile strength of HNASS are about 350 HV and 1200 MPa, respectively. Thus, the explosion parameters used for explosive welding of copper and stainless steel are not suitable for explosive welding of copper/HNASS.
In this paper, the explosive welding window of the copper/HNASS composites was calculated. On this basis, the copper/HNASS composite plates were prepared through the explosive welding approach. The effect of the explosive welding parameters on the microstructure and the mechanical properties of the copper/HNASS composite after welding were studied.
Weldability Window Calculations
According to the theory and practice of explosive welding, the welding parameters need to meet an appropriate range to obtain a good welding quality for each kind of metal combination, which is called weldability window or standard. Cowan et al. [9] put forward a weldability standard according to the mechanical properties of the flyer and parent plate materials. However, Mousavi and Al-Hassani [10] believed that the welding effect obtained according to the standard was not satisfactory. Later Carpenter [11] and Deribas [12] proposed a more practical weldability window (see Figure 1) , which was the function of the collision point velocity Vc, and the collision angle β. As seen from Figure 1 , the weldability window is composed of four boundaries. The flyer plate and base plate were welded by the high-speed collision of plane or small angle during the explosive welding process [13] . The research indicated that a firm bonding could be formed between metals when the plastic deformation on the contact surface was fully developed and the jet was formed. This condition is limited by the lower boundary of the welding zone on the β-Vc coordinate plane. Therefore, the lower boundary of the explosive welding can be defined to meet the condition that the As seen from Figure 1 , the weldability window is composed of four boundaries. The flyer plate and base plate were welded by the high-speed collision of plane or small angle during the explosive welding process [13] . The research indicated that a firm bonding could be formed between metals when the plastic deformation on the contact surface was fully developed and the jet was formed. This condition is limited by the lower boundary of the welding zone on the β-V c coordinate plane. Therefore, the lower boundary of the explosive welding can be defined to meet the condition that the impact pressure at the collision point should be greater than the yield stress of the material to produce the plastic deformation of the welding material. Zakharenko and Zlobin [14] considered that the collision angle β is determined by the Vickers Hardness H V , the density ρ, the minimum collision point velocity V c and a constant k 1 (see Equation (1)). When the difference between the material properties is smaller, H V is the Vickers Hardness of the flyer plate. When the properties of welded materials are very different, H V is the average Vickers hardness of two welded materials [15] . The density ρ is the density of the flyer plate material. Specifically, the constant k 1 ranges from 0.6 to 1.2 [16] . When the metal surface is well pre-processed, the constant k 1 can be taken as 0.6.
For the same purpose, Belayev et al., as mentioned by Lysak and Kuzmin [17] , developed another equation to calculate the collision angle
where σ b and C b are the tensile strength and the bulk sound velocity of the flyer plate, respectively.
The upper limit of this area represents the maximum collision speed between the flyer and parent plate, that is, the maximum load in explosive welding. If the collision speed is above this line, a failure weld will occur because of the excessive melting of the joint surface. Zheng [13] mentioned that Wittman derived the equation for maximum collision speed V p (see Equation (3)) from the thermal effect of the joint area. The calculating formula of the collision angle β can be established by using Equation (4) . T m is the melting temperature of the material, K is the heat conduction coefficient, C p is the specific heat at constant pressure, t f is the thickness of the flyer plate, N is the dimensional constant taking a value of 0.11 for several metals according to Rosset [18] .
In order to calculate the upper boundary, however, Deribas [15] derived a different equation (see Equation (5)) by connecting the kinematic parameters with the thermal physical and geometric parameters of colliding materials. Where t p is the thickness of the parent plate, others are the same as before.
The right limit of the weldability window is the consequence of formation of a jet [13] . The collision point velocity V c in this case is the critical velocity of the jet of formation. In order to satisfy this condition, Walsh, et al. [19] considered that V c should be smaller than the C b (see Equation (7)) of the welded materials.
In the explosion welding process, good wave joints usually obtain a high bonding strength. When the collision point velocity V c is smaller than a certain value, the bonding area is a linear interface instead of a wavy interface. The certain value is defined as the transition velocity from turbulent to laminar flow and is the leftmost line of the weldability window. Cowan, Bergmann and Holtzman [9] pointed out that the speed depended on the properties of the metals to be welded. According to the fluid dynamics theory, the collision point velocity V c could be described as a function of the hardness and density of two metals (see Equation (8)).
When the explosive welding configuration is asymmetric, the Reynolds number Re is about 8.0~13.0, ρ f and ρ p are respectively the density of the flyer and parent plate, H V,p and H V,f are their Vickers hardness.
The T2 red copper and HNASS were used as the flyer and base plate materials in this work, respectively. The physical and mechanical parameters related to the welding materials are shown in Table 1 . The weldability window of the T2 red copper and HNASS was calculated using Equations (1)- (8) (see Figure 2 ). Table 1 . Physical and mechanical parameters related to the welding materials used in this study. In the explosion welding process, good wave joints usually obtain a high bonding strength. When the collision point velocity Vc is smaller than a certain value, the bonding area is a linear interface instead of a wavy interface. The certain value is defined as the transition velocity from turbulent to laminar flow and is the leftmost line of the weldability window. Cowan, Bergmann and Holtzman [9] pointed out that the speed depended on the properties of the metals to be welded. According to the fluid dynamics theory, the collision point velocity Vc could be described as a function of the hardness and density of two metals (see Equation (8)).
When the explosive welding configuration is asymmetric, the Reynolds number Re is about 8.0 ~13.0, ρf andρp are respectively the density of the flyer and parent plate, HV,p and HV,f are their Vickers hardness.
The T2 red copper and HNASS were used as the flyer and base plate materials in this work, respectively. The physical and mechanical parameters related to the welding materials are shown in Table 1 . The weldability window of the T2 red copper and HNASS was calculated using Equations (1)- (8) (see Figure 2 ). Table 1 . Physical and mechanical parameters related to the welding materials used in this study. 
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Materials and Methods
The chemical composition of T2 red copper and HNASS are given in Table 2 . The dimensions of T2 red copper and HNASS are 200 × 40 × 2 mm 3 and 200 × 40 × 5 mm 3 . The parallel welding technique was adopted in this study. The distance between the two plates was 6 mm. The explosive used was
The explosive welding weldability window for the red copper and HNASS calculated using Equations (1)- (8).
The chemical composition of T2 red copper and HNASS are given in Table 2 . The dimensions of T2 red copper and HNASS are 200 × 40 × 2 mm 3 and 200 × 40 × 5 mm 3 . The parallel welding technique was adopted in this study. The distance between the two plates was 6 mm. The explosive used was rock ammonium nitrate. The density was 0.8 g/cm 3 and the detonation velocity was measured to be Metals 2019, 9, 339 5 of 11 2550 m/s. The explosive welding device is shown in Figure 3 . In the case of the parallel welding technique and using nitroamine explosives, the relation between the Impact velocity (V p ), the explosive ratio and the detonation velocity was expressed as [15] rock ammonium nitrate. The density was 0.8 g/cm and the detonation velocity was measured to be ~2550 m/s. The explosive welding device is shown in Figure 3 . In the case of the parallel welding technique and using nitroamine explosives, the relation between the Impact velocity (Vp), the explosive ratio and the detonation velocity was expressed as [15] 
R is the ratio of mass of explosive to the mass of the flyer plate per unit area. According to the calculation results of the welding window, different explosive welding parameters (see Table 3 ) were selected for welding experiment respectively. In order to obtain an insight view on the welding interfaces, the specimens with the dimension of 15 × 10 × 7 mm 3 were draw out along the detonation direction. The specimens were orderly ground using the sandpapers of W50, W28, W14, W7 and W3.5 respectively. Finally, they were polished with 1.5 μm diamond polishing powder and etched. And the microstructure of the sample was observed with an Axio Lab. A1 optical microscope (Carl Zeiss, Oberkochen, Germany). The distribution of metallic elements across the bonding interface under different conditions was analyzed using Energy-dispersive X-ray spectroscopy (EDS Inca X-Max, Oxford instruments, Oxford, UK).
Measurements on the microhardness of the parent materials close to the welding interface were carried out by Huayin HV-1000A vickers hardness instrument (Huayin test instrument Co. LTD, Wuhan, China) with 300 g load for 10 s. At the same time, the tension-shear tests were conducted R is the ratio of mass of explosive to the mass of the flyer plate per unit area. According to the calculation results of the welding window, different explosive welding parameters (see Table 3 ) were selected for welding experiment respectively. In order to obtain an insight view on the welding interfaces, the specimens with the dimension of 15 × 10 × 7 mm 3 were draw out along the detonation direction. The specimens were orderly ground using the sandpapers of W50, W28, W14, W7 and W3.5 respectively. Finally, they were polished with 1.5 µm diamond polishing powder and etched. And the microstructure of the sample was observed with an Axio Lab. A1 optical microscope (Carl Zeiss, Oberkochen, Germany). The distribution of metallic elements across the bonding interface under different conditions was analyzed using Energy-dispersive X-ray spectroscopy (EDS Inca X-Max, Oxford instruments, Oxford, UK).
Measurements on the microhardness of the parent materials close to the welding interface were carried out by Huayin HV-1000A vickers hardness instrument (Huayin test instrument Co. LTD, Wuhan, China) with 300 g load for 10 s. At the same time, the tension-shear tests were conducted using a GB/T 6396-2008 materials test system. The dimensions of the tensile specimen are shown in Figure 4 , and the samples were cut along with the detonation direction.
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Results and Discussion
From the observation of the welding interfaces, the composite was not successfully welded for the explosive ratio R = 0.6. However, composites obtained by using other explosive welding parameters were successfully welded. As shown in Figure 2 , for R = 0.6, the point was located over the lower boundary calculated by Equation (2), but below the lower boundary calculated by Equation (1). For R = 0.9, the point is situated in the upper of the boundary calculated by Equation (1), the composite was successfully welded. Therefore, for the explosive welding of T2 red copper/HNASS, the lower boundary can calculate using Equation (1) and consider the hardness of HNASS.
Morphology of the Joint Surface
The morphologies of the bonding interface using different welding parameters are shown in Figure 5 . It can be observed that the bonding interface is different for different parameters. As can be seen from Figure 5a , a relative flat joint interface without obvious regular oscillations can be observed in TH-2. The morphology of the interface is similar to that of Al/Cu composite as indicated by Loureiro, et al. [20] . However, the joint surface presents a regular wave bonding pattern in TH-3 (see Figure 5b ) and the wavelength is about 200 μm. The wavelength and the amplitude of the bonding interface gradually increase with increasing ratio of the explosive. For TH-4 (see Figure 5c ), the wavelength of the bonding interface is about 150 μm. Nevertheless, several copper melts and thin HNASS strips penetrated into the T2 red copper plate at the joint interface. 
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Morphology of the Joint Surface
The morphologies of the bonding interface using different welding parameters are shown in Figure 5 . It can be observed that the bonding interface is different for different parameters. As can be seen from Figure 5a , a relative flat joint interface without obvious regular oscillations can be observed in TH-2. The morphology of the interface is similar to that of Al/Cu composite as indicated by Loureiro, et al. [20] . However, the joint surface presents a regular wave bonding pattern in TH-3 (see Figure 5b ) and the wavelength is about 200 µm. The wavelength and the amplitude of the bonding interface gradually increase with increasing ratio of the explosive. For TH-4 (see Figure 5c ), the wavelength of the bonding interface is about 150 µm. Nevertheless, several copper melts and thin HNASS strips penetrated into the T2 red copper plate at the joint interface. The grains of the T2 red copper closing to the welding interface are shown in Figure 6 . As shown, the grains of the T2 red copper in all composite samples were refined and elongated along the detonation direction. This should be attributed to the plastic deformation generated by the high-velocity collision between the flyer plate and the parent plate. Meanwhile, it was observed that the numbers of the refined grains and the grain refinement both increase with increasing explosive ratio. The grains of the T2 red copper closing to the welding interface are shown in Figure 6 . As shown, the grains of the T2 red copper in all composite samples were refined and elongated along the detonation direction. This should be attributed to the plastic deformation generated by the high-velocity collision between the flyer plate and the parent plate. Meanwhile, it was observed that the numbers of the refined grains and the grain refinement both increase with increasing explosive ratio. The grains of the T2 red copper closing to the welding interface are shown in Figure 6 . As shown, the grains of the T2 red copper in all composite samples were refined and elongated along the detonation direction. This should be attributed to the plastic deformation generated by the high-velocity collision between the flyer plate and the parent plate. Meanwhile, it was observed that the numbers of the refined grains and the grain refinement both increase with increasing explosive ratio. In general, the energy of the detonation wave and the detonation products is instantaneously transmitted to the flyer plate, accelerating the flyer plate to a high velocity. The flyer plate impacted on the parent plate, generating high temperature and high pressure at the interface, thus bonding the plates together. The formation of the explosive welding joint is the process of plastic deformation of a thin layer of metal on the interface under explosive loading; the closer to the interface, the greater the plastic deformation. During this process, part of the energy of the explosive is converted into the plastic deformation energy of the metal in the joint area. Then, the plastic (shear) energy is converted into heat energy by means of the plastic deformation process, which causes the plastic deformed metal close to the interface to melt. The impact velocity and pressure of the plates increase with the increase of the explosive ratio, leading to higher impact energy and work of plastic (shear) deformation during the collision. When the explosive ratio is small, the energy produced by the explosive is not enough to cause plastic deformation of HNASS, resulting in the failure of explosive welding or the appearance of linear interface. If the explosive ratio is relatively large, the energy produced by the explosive will not only form good bonding between the flyer plate and the parent plate, but also cause metals near the joint interface to melt. Figure 7 shows the element line scanning near the joint surface under different explosive welding conditions. As can be seen from the figure, although the bonding interface is different under different explosive welding conditions, no intermetallic compounds are generated near the joint interface under the three conditions. Although some copper melts near the interface when R = 1.6, in this case the power generated from the explosive is not enough to produce intermetallic compound at the interface. The formation of intermetallic compound could reduce the bonding strength of the two metals. Therefore, the bonding strength of composites under the three conditions will not be affected by the intermetallic compound.
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Microhardness
The measured results of the microhardness for different explosive welding parameters are shown in Figure 8 . It can be observed that the microhardness value at the joint surface of the sample 
The measured results of the microhardness for different explosive welding parameters are shown in Figure 8 . It can be observed that the microhardness value at the joint surface of the sample after explosive welding is the highest. On each side of the bonding interface, the microhardness value decreases gradually and then becomes stable as the distance from the bonding interface increases. This is mainly because of the plastic deformation near the joint interface which occurs when two plates collide with each other at high speed during explosive welding. The plastic deformation causes strain hardening of the material, which improves the hardness of the material; the closer to the joint interface, the more serious the plastic deformation. When the distance from the interface exceeds a certain distance, no plastic deformation occurs. This phenomenon is consistent with the previous research demonstrated by Kacar and Acarer [21] . By comparing the microhardness values under different welding conditions, the larger the explosive ratio, the higher the microhardness value at the joint interface, indicating the greater the degree of hardening at both sides of the joint surface. This is mainly because that the larger the explosive ratio, the higher the collision speed of two plates, which leading to greater impact pressure and plastic deformation during the collision process. As already mentioned, there is plastic deformation near the interface. The microhardness value increases with the increase of plastic deformation degree.
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Tensile Shear Test Result
Tensile shear tests were carried out for explosive welding samples under different conditions. For all specimens, the fracture occurred on T2 red copper plate. The test results of tensile shear are shown in the Table 4 . It can be clearly found from the results that all the results are greater than 230 MPa, indicating that T2 red copper has been strengthened after explosive welding. For R = 0.9 which the joint surface presents linear-like morphology, the tensile strength is 258 MPa. For the two cases (R = 1.1 and 1.6) which the joint surface present regular wave bonding, the tensile strength of the sample is 295 MPa and 310 MPa respectively. This indicates that as the ratio of explosive increases, the tensile strength of the sample increases, and the enhancement degree of T2 red copper is different under different explosive ratio. This is also because of grain refinement near the binding domain, which is consistent with the grain refinement of high-nitrogen steel after explosive welding observed above. 
Tensile shear tests were carried out for explosive welding samples under different conditions. For all specimens, the fracture occurred on T2 red copper plate. The test results of tensile shear are shown in the Table 4 . It can be clearly found from the results that all the results are greater than 230 MPa, indicating that T2 red copper has been strengthened after explosive welding. For R = 0.9 which the joint surface presents linear-like morphology, the tensile strength is 258 MPa. For the two cases (R = 1.1 and 1.6) which the joint surface present regular wave bonding, the tensile strength of the sample is 295 MPa and 310 MPa respectively. This indicates that as the ratio of explosive increases, the tensile strength of the sample increases, and the enhancement degree of T2 red copper is different under different explosive ratio. This is also because of grain refinement near the binding domain, which is consistent with the grain refinement of high-nitrogen steel after explosive welding observed above. In general, the bonding strength of composites with linear-like interface is slightly lower than that of the wavy interface obtained under higher explosive ratio. But, the tensile strength of copper with linear-like interface was 258 MPa, which is higher than the strength of T2 red copper, and the joint surface was not separated, indicating that the bonding quality obtained in this case was safe. This is consistent with the earlier work [22] .
Conclusions
The weldability window of T2 red copper/HNASS was calculated. On this basis, T2 red
